Establishment of the mammalian germ line is a prerequisite for fertility of the adult animal but we know surprisingly little about the molecular mechanisms regulating germ-line development in mammals. Signaling from the c-Kit receptor tyrosine kinase is essential for primordial germ cell (PGC) growth both in vivo and in vitro. Many downstream effectors of the c-Kit signaling pathway have been identified in other cell types but how these molecules control PGC survival and proliferation are unknown. Determination of the c-Kit effectors acting in PGCs has been hampered by the lack of effective methods to easily manipulate gene expression in these cells. We overcame this problem by testing the efficacy of retroviral-mediated gene transfer for manipulating gene expression in mammalian germ cells. We found that PGCs can be successfully infected with a variety of types of retroviruses. We used this method to demonstrate an important role for the AKT kinase in regulating PGC growth. Such technology for manipulating gene expression in PGCs will allow many of the molecular mechanisms regulating germ cell growth, behavior, and differentiation to be comprehensively analyzed. P rimordial germ cell (PGCs) are the embryonic precursors of the gametes of the adult animal. During embryonic development, PGC proliferation is strictly regulated to ensure that enough germ cells are present in the gonad at birth to generate functional gametes (1). Failure of PGCs to proliferate properly can result in reduced fertility or complete sterility (reviewed in ref.
Establishment of the mammalian germ line is a prerequisite for fertility of the adult animal but we know surprisingly little about the molecular mechanisms regulating germ-line development in mammals. Signaling from the c-Kit receptor tyrosine kinase is essential for primordial germ cell (PGC) growth both in vivo and in vitro. Many downstream effectors of the c-Kit signaling pathway have been identified in other cell types but how these molecules control PGC survival and proliferation are unknown. Determination of the c-Kit effectors acting in PGCs has been hampered by the lack of effective methods to easily manipulate gene expression in these cells. We overcame this problem by testing the efficacy of retroviral-mediated gene transfer for manipulating gene expression in mammalian germ cells. We found that PGCs can be successfully infected with a variety of types of retroviruses. We used this method to demonstrate an important role for the AKT kinase in regulating PGC growth. Such technology for manipulating gene expression in PGCs will allow many of the molecular mechanisms regulating germ cell growth, behavior, and differentiation to be comprehensively analyzed. P rimordial germ cell (PGCs) are the embryonic precursors of the gametes of the adult animal. During embryonic development, PGC proliferation is strictly regulated to ensure that enough germ cells are present in the gonad at birth to generate functional gametes (1) . Failure of PGCs to proliferate properly can result in reduced fertility or complete sterility (reviewed in ref. 2) . Despite the importance of PGCs in the formation of the germ line the molecular mechanisms regulating their growth and survival remain ill-defined. Some of the genes required for PGC survival and proliferation have been identified through analysis of sterile mouse mutants. For example, mutations at the Dominant White Spotting (W) and Steel (Sl) loci identify a receptor tyrosine kinase (c-Kit) and its ligand (Kit ligand or KL) as key regulators of PGC growth and survival (3, 4) . Mice carrying mutations at either of these loci can show defective PGC development and may be completely sterile. These data point to a critical role for the c-Kit͞KL axis in PGC development. A large number of mutations at the Sl locus have helped define the relationship between KL structure and function in germ-line development. KL is produced as a membrane-bound growth factor that can undergo proteolytic cleavage to generate a soluble form. Importantly, mice lacking membrane-bound KL are severely deficient in PGC numbers and are sterile. The importance of c-Kit signaling in PGC survival is also seen in vitro. When PGCs are cultured in the absence of membrane-bound KL, most of the cells do not survive, mirroring the in vivo situation (5) . Alternatively, when PGCs are cultured over cells producing the membrane-bound form of KL, PGC numbers rise for the first 3 days in culture and slowly decrease until they eventually disappear after 10 days (5, 6) . Taken together these data suggest a critical role for membrane-bound forms of KL in PGC development. An important question is how KL binding to the c-Kit receptor mediates its effects on PGC growth.
In other cell types, binding of KL causes c-Kit receptor dimerization and receptor autophosphorylation. The activated receptor in turn phosphorylates different substrates, and thus activates distinct signaling cascades or pathways. These include the phosphatidylinositol 3-kinase (PI3K)͞AKT͞mTOR͞p70 S6K , Ras͞mitogen-activated protein kinase kinase (MEK)͞mitogen-activated protein kinase (MAPK), the Janus kinase (JAK)͞ signal transducer and activator of transcription (STAT), and the Src signaling pathways (for review, see refs. [7] [8] [9] . In this way c-Kit mediates its different effects on cell survival, cell proliferation, cell differentiation, and chemotaxis. It remains to be resolved how the different signaling pathways activated by c-Kit mediate its different functions in different cell types. Although many signaling molecules have been shown to be downstream effectors of the c-Kit receptor in other cell types, which, if any, of these molecules act to effect PGC survival and proliferation remains unknown.
To dissect the role of the c-Kit signaling pathway in PGCs it will be necessary to manipulate components of those pathways within the cell. A major obstacle to studying signaling pathways in PGCs is the difficulty in manipulating the cells by using the tools of modern molecular biology. Introduction of genes into PGCs in vivo should be possible by targeted mutagenesis and transgenesis but such methods will be time consuming and laborious. Transfection of genes into PGCs in vitro has been carried out but gene transduction efficiency is low and the transfection procedures drastically affect PGC viability (10) . No further studies using this technology have been reported. To overcome these problems we developed a facile method for introducing genes into murine PGCs by using retroviral vectors. To demonstrate the utility of this system we used retroviralmediated gene transfer to dissect the intracellular c-Kit signaling pathway in PGCs.
We demonstrate here that one of the key downstream effectors of c-Kit in PGCs is the AKT kinase. Activation of AKT in PGCs is brought about by a c-Kit-dependent pathway. However, AKT activation does not seem to occur, as it does in other cell types, through activation of PI3K. Rather AKT may be activated downstream of c-Kit by other molecules including Src. Our data also suggest an important role for two molecules acting downstream of AKT, mammalian target of rapamycin͞FK506-binding protein⅐rapamycin-associated protein (mTOR͞FRAP) and p70 S6K , in mediating PGC growth in vitro. mTOR͞FRAP may be activated in PGCs by both AKT and the Ras͞MEK͞MAPK pathway. These studies provide a comprehensive dissection of the c-Kit signaling pathway in PGCs. Understanding how this signaling pathway mediates PGC growth should provide a critical insight into the regulation of early germ-line development. These studies also provide a demonstration of retroviral-mediated gene transduction in mammalian PGCs and provide a method for dissecting mechanisms regulating germ cell development in mammals.
Materials and Methods
Mice. Embryos were derived from B6D2F1 mice purchased from The Jackson Laboratory. In experiments using avian leukosis virus (ALV)-derived vectors, embryos were derived from transgenic mice (␤-AKE) expressing the receptor for the subgroup A ALVs (tva) from the constitutive chicken ␤-actin promoter (11) . Most tissues in the ␤-AKE mice are susceptible to ALV infection, including the germ line, as the provirus can be transmitted as a transgene. Embryos were obtained from timed matings at 8.5 days postcoitum as described (6, 12) . All animals were maintained and used under protocols approved by the Institutional Animal Care and Use Committee of Thomas Jefferson University.
Cell Isolation and Culture. PGC isolation and culture have been described (6, 12) . We used two types of feeder cells: STO cells, an embryonic fibroblast cell line that produces membrane-bound KL (6), or bone marrow-derived stromal cells from Sl͞Sl d mice (BM-Sl d ) that produce only soluble KL (5). PGCs were plated on wells of 24-or 96-well plates containing mitotically inactive feeder cells. The day of plating was considered day 0. PGCs were cultured in DMEM (GIBCO) with 15% FCS (HyClone), penicillin͞streptomycin (GIBCO), L-glutamine (GIBCO), and Napyruvate (Sigma). In some instances, cultures were subjected to osmotic shock on the first day of culture to remove PGCs but conserve embryonic somatic cells (13) .
Analysis of PGC Growth. PGCs were cultured in 96-well plates as described above. One day after plating, the cultures were incubated with viruses carrying the green fluorescent protein (GFP) gene (as controls) or viruses carrying the c-AKT and AKT-T308A͞473A genes. After 3, 5, or 7 days, PGCs were labeled for the germ cell marker tissue-nonspecific alkaline phosphatase and counted. In some cases cultures were treated with specific pharmacological inhibitors every 24 h from the first day of culture, as follows: PI3K inhibitors, wortmannin (Sigma) at 100 nM for 30 min and LY294002 (Calbiochem) at 10 m for 30 min; MEK inhibitors, PD98059 (Calbiochem) at 5 M for 2 h and U0126 (Calbiochem) at 10 m for 30 min; Src inhibitors, PP2 (Calbiochem) at 20 ng͞ml for 1 h and SU6656 (Calbiochem) at 1 m for 1 h, and mTOR͞FRAP signaling inhibitor, rapamycin (Calbiochem) at 50 nM for 30 min. The choice of inhibitor concentration was based on previously published studies (9, (14) (15) (16) (17) (18) (19) . The experiments were repeated at least twice, and each experiment consisted of at least triplicate cultures. BrdUrd labeling and immunohistochemistry were carried out as detailed (6, 12) . Terminal deoxynucleotidyltransferase-mediated dUTP end labeling assays (Oncogene) were carried out according to the manufacturer's instructions with microwave antigen retrieval modifications (20) . Results were analyzed for statistical significance by Student's t test.
Retroviral Vectors. The pBabe-GFP vector [a wild-type murine leukemia virus (MLV)-derived vector] was constructed by modifying the pBabe-puro vector (21, 22) by substituting the puromycin resistance gene (HindIII-ClaI fragment) with the GFP gene. For the construction of pBabe-GFP-c-AKT vector, c-AKT was derived from the Sr␣ vector by EcoRI digestion and introduced into the EcoRI site of the multiple cloning site of pBabe-GFP. The MLV-derived vector LGIN and the murine stem cell virus (MSCV) vector MGIN have been described (23) . The ALV-derived vector RCASBP(A)-GFP was derived from pBR plasmids. The Rous sarcoma virus src gene was replaced by a unique ClaI recognition site, where the GFP gene was inserted (11, 24) . RCASBP(A)-c-AKT and RCASBP(A)-AKT-T308A͞ S473A have been described (25) .
Production of Retrovirus Stocks. For pBabe retroviral production, the 293T͞17 packaging cell line was transfected with the pBabe vectors together with a vector (p␥MLV) encoding the ecotropic MLV envelope. MGIN and LGIN retroviruses were produced in the PA317 amphotropic packaging cells (26) . RCASBP(A) retroviruses were produced in the avian fibroblast cell line DF-1. Transient production of retroviruses was carried out as detailed in ref. 27 . Retroviral Infection. One day after PGC plating, infection with the different viral supernatants was performed. The infection mixture consisted of viral supernatant whose serum concentrations had been adjusted for optimal PGC survival (see above). MLV and MSCV infection mixtures were supplemented with polybrene (5 g͞ml) to increase infection efficiency (28) . Cultures were infected daily with viral supernatant mixed 1:1 with medium during the experimental time period (repeated infection method) or undiluted supernatant was centrifuged onto the cultures at 1,800 g for 2 h on the first day of culture (spinoculation method) (26, 28) .
Assessment of Retroviral-Mediated Gene Expression. PGCs were infected with viruses expressing the GFP reporter gene and identified by anti-SSEA-1 immunohistochemistry as detailed (6) . GFP-expressing cells were identified and counted under an inverted microscope equipped with fluorescence optics (Nikon). To determine retroviral transduction efficiency at least 100 PGCs were identified and counted in each culture. In some experiments, cultures infected with the c-AKT viruses were subjected to triple indirect immunofluorescence with anti-c-Kit antibody (GIBCO) detected with a rhodamine isothiocyaniteconjugated anti-rat antibody (Santa Cruz Biotechnology) to identify PGCs, anti-hemagglutinin (HA) antibody (Covance, Richmond, CA) and an anti-mouse FITC-conjugated antibody (Sigma) to demonstrate viral transduction of the HA-tagged AKT molecule, and either anti-phospho-AKT (Cell Signaling, Beverly, MA) or anti-phospho-p70 S6K (Sigma) detected with an 7-amino-4-methylcoumarin-3-acetic acid-conjugated anti-rabbit antibody (Dakopatts, Glostrup, Denmark) to show activation of AKT or p70 S6K .
Results
Kit-Dependent PGC Growth Involves MEK͞MAPK and Src, but Not PI3K, and Is Rapamycin-Sensitive. To study the c-Kit signaling pathway in PGCs we used pharmacological inhibitors of known c-Kit effectors in other cell types. One of the main pathways activated downstream of c-Kit in other cell types is the PI3K pathway. Activation of PI3K can activate AKT, which in turn activates mTOR͞FRAP. mTOR͞FRAP then activates p70 S6K . We found that two potent PI3K inhibitors, wortmannin and LY294002, had no effect on PGC numbers in vitro, suggesting that the PI3K pathway is not important for PGC survival (Fig. 1) . However, rapamycin, an inhibitor of mTOR͞FRAP signaling, significantly reduced PGC numbers, strongly suggesting that mTOR͞FRAP is required for PGC growth (Fig. 1) . These apparently contradictory results can be explained if mTOR͞FRAP is activated in PGCs by another, PI3K-independent, pathway. In fact, mTOR͞ FRAP can also be activated by MAPK, a component of the Ras pathway downstream of c-Kit. Therefore, we tested the effect of the MEK͞MAPK inhibitors PD98059 and U0126 on PGC growth. PD98059 and U0126 reduced PGC numbers (Fig. 1) , suggesting that mTOR͞FRAP can be activated by MEK͞ MAPK. Another molecule that has been described to activate mTOR͞FRAP directly is AKT. AKT itself can be activated downstream of c-Kit by PI3K but also by PI3K-independent pathways. In fact, we found that the Src family inhibitors PP2 and SU6656 did reduce PGC numbers in the presence of KL (Fig. 1) , suggesting that Src family kinases are involved in the signal transduction pathway downstream of c-Kit in PGCs. These data support the possibility that in PGCs AKT could be activated by PI3K-independent mechanisms including a pathway involving Src. These results also suggest that mTOR͞FRAP may be activated downstream of the c-Kit receptor in PGCs by both AKT and MEK͞MAPK. Further they indicate an important role for AKT and its downstream effector, mTOR͞FRAP, in mediating PGC growth in response to c-Kit signaling.
Combinations of inhibitors (PD98059, PP2, or rapamycin) did not further reduce PGC numbers, suggesting that MEK͞MAPK, Src, and mTOR͞FRAP are part of the same signal transduction pathway (data not shown). The fact that the pharmacological inhibitors never caused 100% growth inhibition suggests that there are other important growth signaling pathways in PGCs that have not been examined here. Using BrdUrd incorporation and terminal deoxynucleotidyltransferase-mediated dUTP end labeling we found that the effects of these inhibitors are caused by a 40% decrease in PGC proliferation rather than increased apoptosis (data not shown). In addition, none of the inhibitors affected PGC survival in the absence of membrane-bound KL (not shown), suggesting that Src, MEK͞MAPK, and mTOR͞ FRAP are not activated in PGCs in the absence of c-Kit signaling.
Retroviral Infection of Murine PGCs. Because inhibitors of AKT are unavailable, we sought other methods to investigate the role of this kinase in PGC growth. To confirm the involvement of AKT in mediating c-Kit-induced survival in PGCs, the direct approach would be to express a dominant-negative form of AKT in PGCs. One way to manipulate gene expression in PGCs is to infect them with retroviral vectors that express specific genes. As a first step to testing this idea, we compared the ability of several retroviral vectors to infect PGCs and drive gene expression. The vectors included those based on MLV, MSCV, and ALV. Because ALV vectors cannot infect normal mouse strains, in experiments using ALV we used a transgenic mouse strain expressing the ALV receptor in all cell types. Each of the vectors contained the enhanced GFP reporter gene. Gene transduction was assayed by monitoring GFP expression in PGCs identified by anti-SSEA-1 staining. PGCs were effectively infected with all of the retroviruses used as were accompanying embryonic somatic cells (Fig.  2, Table 1 ). GFP-positive PGCs were detectable within 24 h of infection and increased until reaching a maximum between 5 and 7 days after infection. This pattern of retroviral-mediated gene expression likely reflects the necessity for PGCs to transit through M phase for viral integration and for the integrated gene to be expressed. We tested the effects of retroviral envelope type, retroviral long terminal repeat, and method of viral delivery on the infection rate of PGCs. The most efficient method of PGC infection was achieved by repeated infection with ALV vectors or by spinoculation with MLV vectors with an ecotropic envelope ( Table 1) . As expected, the mitotically inactive feeder cells were not transduced with any of the vectors, because retroviralmediated gene expression requires retroviral integration (which Comparison of transduction efficiencies achieved in PGCs (P) and somatic cells (S) isolated from 8.5 days postcoitum embryos, by different retroviruses and methods of infection (see Materials and Methods). The percentage of infected cells was determined after 7 days of culture. The data are expressed as the mean percent of transduced cells. The experiments were repeated at least four times, and each experiment comprised at least triplicate cultures. ND, Not determined. Rep, Repeated infection; Spin, spinoculation.
in turn requires cell cycle progression of the host cell) (not shown). To address potential differences in PGC viability and proliferative activity caused by retroviral infection, paralleluninfected cultures were assayed simultaneously. Total numbers of PGCs and BrdUrd incorporating PGCs were counted for up to 7 days after retroviral infection. No statistically significant differences in PGC survival or proliferation were seen (Fig. 3 ). These data demonstrate that viral vectors can be used to express genes in PGCs and that viral infection and viral-mediated gene expression per se has no effect on PGC viability and proliferation.
AKT Can Substitute for KL Signaling in PGCs.
Having demonstrated that viruses can drive gene expression in PGCs and that viral infection per se does not affect PGC survival or proliferation, we tested the possible role of AKT in PGC survival. ALV and MLV vectors were used to express the wild-type form of AKT (c-AKT) in PGCs. Both vectors improved PGC survival either in the absence (Fig. 4 A and B) or the presence of membrane-bound KL (Fig. 4C and data not shown) . To further dissect the role of AKT in PGC survival, PGCs were infected with an ALV vector expressing a dominant-negative form of AKT. Expression of the dominant-negative form of AKT (AKT-T308A͞S473A) caused a statistically significant decrease in PGC numbers, even in the presence of KL (Fig. 4D) . These data strongly suggest that AKT is required for PGC survival at least in vitro. Further, these data suggest that AKT acts downstream of the c-Kit receptor to promote PGC growth and confirm that mTOR͞FRAP can be activated by both AKT and MEK͞MAPK downstream of c-Kit signaling.
AKT Effect on PGC Growth Is Direct and Involves p70 S6K . PGC cultures naturally contain both PGCs and embryonic somatic cells that can be infected with retroviruses. Therefore, an important question is whether the effect of retrovirally expressed genes is direct or mediated via somatic cells. We noted that MLV and ALV infected the same percentage of PGCs but that MLV was much more effective than ALV in infecting somatic cells (MLV 77% vs. ALV 14%) (Table 1) . Importantly, when cultures are infected with either MLV or ALV expressing AKT, the effect on PGC survival is equivalent. Therefore, the effect of virus is related to the PGC infection rate and not to the somatic cell infection rate. These data suggest that the effect of viruses on PGCs is direct. To test this notion directly we created cultures in which the PGCs were either susceptible or resistant to infection. We isolated PGCs and somatic cells from mice that can be infected with ALV and placed them into culture. In some of the cultures we killed the PGCs and reseeded the cultures with PGCs from animals that are resistant to ALV infection. We thereby created two types of cultures, one in which the germ cells could be infected with ALV and one in which they could not. In all cultures the somatic cells were susceptible to infection with ALV. When we infected both types of cultures with an ALV vector expressing AKT we observed an increase in PGC numbers only in cultures in which the PGCs were susceptible to infection, supporting the idea that the effect of viruses on PGCs is direct (Fig. 5) . In addition, because the AKT in the ALV vector was HA-tagged we were also able to test whether AKT was expressed directly in the PGCs. We found that HA-tagged AKT was indeed expressed in PGCs infected with ALV containing c-AKT (Fig.  6 ). In addition, we examined whether the expressed AKT was phosphorylated in infected PGCs. We found that both AKT itself and a downstream component of the AKT signaling pathway, p70 S6K , were phosphorylated only in the PGCs that were infected (Fig. 6 ). AKT and p70 S6K are likely to be phosphorylated in all PGCs with an activated c-Kit receptor but the levels of expression may be too low for detection with immunocytochemistry. Most likely, only in cells where AKT is overexpressed and the levels of phospho-AKT and phospho-p70 S6K are very high can we detect them by immunofluorescence. Taken together our data strongly suggest that the effect of viruses on PGCs in this system is direct. Further, our data demonstrate that p70 S6K , a molecule activated by mTOR͞FRAP, is activated in PGCs overexpressing AKT. This finding suggests that the AKT pathway in PGCs involves mTOR͞FRAP and p70
S6K
. A summary of the proposed c-Kit signaling pathway in PGCs is shown in Fig. 7 .
Discussion
Signaling from the c-Kit receptor has been demonstrated to be indispensable for PGC growth both in vivo (W and Sl mutants, for review see ref. 29) and in vitro (5, 30) . Importantly, long-term PGC survival requires membrane-bound forms of KL. Sl d mutant mice, which produce only a soluble form of KL, are sterile in both sexes. Consistent with these data, soluble KL is able to effect short-term PGC growth in culture but is ineffective in supporting long-term survival. To dissect the c-Kit signaling pathway in PGCs we designed experiments using pharmacological inhibitors of components of the c-Kit signaling pathway. Studies in other cells have shown that PI3K is one of the major downstream effectors of c-Kit responsible for mediating cell growth (8) . But, in two recent studies, PGC numbers in vivo were shown to be unaffected by mutation of the PI3K binding site on c-Kit (31, 32) , suggesting that PI3K is not an important effector of c-Kit signaling in PGCs. Our results showing that PGCs survive similarly in the presence or absence of PI3K inhibitors wortmannin and LY294002 are consistent with these studies. It has been suggested that in most cells that require c-Kit signals there are redundant signaling pathways and that the PI3K pathway is critical only in spermatogenesis and oogenesis. We found that treatment of PGCs with the mTOR͞FRAP signaling inhibitor, rapamycin, greatly inhibited their growth. These data demonstrate that one of the known downstream effectors of AKT, mTOR͞FRAP (33) , is indeed important for PGC growth. Some studies have shown that mTOR͞FRAP can be activated directly by other downstream effectors of the c-Kit receptor such as MEK͞MAPK (34) . Indeed, we found that the MEK inhibitors PD98059 and U0126 inhibited PGC growth in the presence of KL, suggesting that in PGCs activation of mTOR͞FRAP downstream of c-Kit may be brought about by MEK͞MAPK as well as by AKT (Fig. 7) . In most cells AKT activation is brought about by a PI3K-dependent pathway but other studies indicate that AKT can be activated by PI3K-independent pathways (35) (36) (37) (38) (39) . Our observation that PP2 and SU6656, potent inhibitors of the Src family, inhibit PGC growth suggests that in PGCs AKT may be activated by Src (Fig. 7) , as occurs in other cell types (36, 40) . Importantly, we found that pharmacological inhibition of MEK͞ MAPK, Src, and mTOR͞FRAP caused a decrease in PGC proliferation rather than increased apoptosis (data not shown).
We tested whether downstream effectors of the c-Kit signaling pathway identified in other cell types could prevent the decrease in PGC numbers induced by loss of c-Kit signaling. Our results demonstrate that overexpression of AKT stimulates PGCs growth on cells that produce only soluble KL. Moreover, a dominant-negative form of AKT inhibited PGC growth on feeder cells expressing membrane-bound KL. Taken together these data strongly suggest that in PGCs AKT acts downstream of the c-Kit receptor and are consistent with studies on other cell types in which the c-Kit signaling pathway has been dissected. Significantly, these hypotheses can now be tested in PGCs by using the retroviral-mediated gene delivery system we describe here.
The observed effects of viruses on PGCs are most likely direct. The growth of PGCs in culture primarily, and possibly solely, depends on the preplated, mitotically inactive feeder cells (5, 6) , which cannot be transduced by retroviruses. Moreover, in cultures in which only embryonic somatic cells were susceptible to infection, AKT overexpression gave no improvement in PGC survival whereas in cultures in which the PGCs were also susceptible to infection a dramatic effect on PGC growth was observed. Finally, we found that in PGCs infected with viruses expressing AKT, both AKT itself and some of its downstream effectors were phosphorylated. Taken together these data strongly suggest that viruses act directly in PGCs and not indirectly via somatic cells.
Few of the genes regulating PGC survival and proliferation have been identified in mammals, in part, because of the inability to manipulate PGCs by using many standard techniques of molecular biology that have been applied to other cells. Here we report retroviral-mediated gene delivery to mouse PGCs and further demonstrate the utility of this system for identifying genes involved in regulating PGC growth. This method provides a robust system for studying many aspects of PGC growth and behavior. A single report describing gene delivery to mouse PGCs made use of transfection techniques (10). However, no subsequent studies have made use of this technology presumably because of the drastic effect of transfection on PGC viability. In contrast, retroviral infection of PGCs per se has no effect either on their viability or proliferative activity and genes can be successfully expressed in PGCs after viral integration. Generally we found that higher levels of PGC infection were achieved by spinoculation of virus onto PGCs, the use of an ecotropic envelope, and the use of viruses containing the MSCV long terminal repeat. Therefore, our data suggest that many of the currently available retroviral delivery systems can be used to study PGC development. The ability to target ALV to a selected cell type adds a level of specificity currently unavailable with murine retroviruses. To this end we are currently generating mice in which the ALV receptor tva is expressed exclusively in the germ cell lineage from the promoter of the vasa gene (41) through a knock-in strategy.
Our data demonstrate that many types of retroviruses can now be used to manipulate gene expression in PGCs and to analyze any aspect of PGC behavior that can be studied in vitro. Both feeder layer and organ culture systems have been used to study many aspects of PGC development including cell survival (5, 30) , proliferation (30, 42, 43) , migration (6, 44) , chemotaxis (45) , and entry into meiosis (46, 47) . The application of gene transfer technology to the study of germ cell development could accelerate efforts to define the molecules required for germ-line development in mammals and for the development of pluripotent stem cells from germ cells.
